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ABSTRACT
In the first paper in the series, Roshi, Kantharia & Anantharamaiah (2002) pub-
lished the Galactic plane survey of carbon recombination lines (CRRL) at 327 MHz.
CRRL were extensively detected from the inner Galaxy (longitudes< 20◦). We report
here, for the first time, the association of low frequency CRRL with H i self-absorbing
clouds in the inner Galaxy and that the CRRLs from the innermost ∼ 10◦ of the
Galaxy arise in the Riegel-Crutcher (R-C) cloud. The R-C cloud is amongst the most
well known of H i self-absorbing (HISA) regions located at a distance of about 125 pc
in the Galactic centre direction. Taking the R-C cloud as an example, we demonstrate
that the physical properties of the HISA can be constrained by combining multi-
frequency CRRL and H i observations. The derived physical properties of the HISA
cloud are used to determine the cooling and heating rates. The dominant cooling pro-
cess is emission of the C ii 158 µm line whereas dominant heating process in the cloud
interior is photoelectric emission. Constraints on the FUV flux (G0 ∼ 4 to 7) falling
on the R-C cloud are obtained by assuming thermal balance between the dominant
heating and cooling processes. The H2 formation rate per unit volume in the cloud
interior is ∼ 10−10 – 10−12 s−1 cm−3 , which far exceeds the H2 dissociation rate per
unit volume. We conclude that the self-absorbing cold H i gas in the R-C cloud may be
in the process of converting to the molecular form. The cold H i gas observed as HISA
features are ubiquitous in the inner Galaxy and form an important part of the ISM.
Our analysis shows that combining CRRL and H i data can give important insight
into the nature of these cold gas. We also estimate the integration times required to
image the CRRL forming region with the upcoming SKA pathfinders. Imaging with
the MWA telescope is feasible with reasonable observing times.
Key words: Galaxy: general — ISM: atom — ISM: general — ISM: structure —
line:formation — radio lines:ISM
1 INTRODUCTION
In earlier papers (Roshi & Anantharamaiah 2000, 2001a,
2001b), we presented the details of a 327 MHz recombina-
tion line survey of the inner Galaxy made with the Ooty Ra-
dio Telescope (ORT). Results of the preliminary analysis of
carbon recombination lines (CRRL) detected in this survey
were presented in Roshi, Kantharia, Anantharamaiah (2002;
Paper I). The CRRLs at low-frequencies (<∼ 1.4 GHz) arise
in diffuse C ii regions in the Galaxy. The ionisation potential
⋆ aroshi@nrao.edu
† ngk@ncra.tifr.res.in
of carbon (11.3 eV) is less than that of hydrogen (13.6 eV)
and hence carbon can remain in the singly-ionised state out-
side regions where hydrogen is fully ionised. Low-frequency
CRRLs are thus useful as diagnostics of partially ionised
clouds. However, the reduced abundance of carbon (solar
abundance relative to hydrogen 2.9 × 10−4; Lodders 2003)
and the consequent weak strength of the CRRLs makes the
detection of these lines difficult. Generally stimulated emis-
sion or absorption against a strong background radiation
field facilitate their detection.
The first CRRL from diffuse C ii region was detected to-
ward the direction of the supernova remnant Cas A and this
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direction has since been extensively observed in CRRL at
frequencies ranging from 15 MHz in absorption to 1400 MHz
in emission (Konovalenko & Sodin 1980, Blake Crutcher &
Watson, 1980, Konovalenko 1984, 1990, Ershov et al. 1984,
1987, Payne, Anantharamaiah, Erickson 1989, Sorochenko &
Walmsley 1991, Stepkin et al. 2007). Modelling showed that
CRRLs originate in cool gas with Te ∼ 35−75K (Payne et al.
1994). The LSR velocity coincidence of the carbon lines with
H i absorption observed toward Cas A and the similarity in
the spatial distribution of the two lines across Cas A have
led to the suggestion that the CRRL forming regions and
H i absorption regions coexist (Kantharia et al. 1998). CR-
RLs from the Galactic plane region have also been detected
near 327 MHz (Roshi & Anantharamaiah 2000,2001a), near
76 MHz (Erickson et al. 1995), near 34.5 MHz (Kantharia
& Anantharamaiah 2001) and near 26 MHz (private com-
munication: S. Stepkin). Most of these have been confined
to the inner Galaxy at longitudes less than 20◦ and arise
in extended diffuse CII regions coincident with H i regions.
CRRLs have thus been detected towards several directions
in the Galactic plane, however the partially ionised gas to-
wards Cas A remains the best studied region.
The sight line towards Cas A intercepts the Orion and
Perseus arms of the Galaxy and the H i absorptions detected
against Cas A are due to the cold neutral medium (CNM) in
this direction. Much of the atomic hydrogen in the Galaxy
has been observationally found to exist as ‘warm’ (∼ 104 K;
warm neutral medium) and ‘cold’ (∼ 70 K; CNM) gases.
Models of the ISM indicate that these two temperature
gases coexist in pressure equilibrium (Field, Goldsmith &
Habing 1969) with a mean pressure, measured in the solar
neighbourhood, of 2240 K cm−3 (Jenkins & Tripp 2001; see
also Wolfire et al. 2003; Kulkarni & Heiles 1988, Dickey &
Lockman 1990). The cold H i is observationally studied us-
ing 21cm absorption lines against background continuum
sources (eg. Heiles & Troland 2003) as well as H i “self-
absorption” (HISA; eg. Knapp 1974, Gibson et al. 2000,
Kavars et al. 2005). HISA is due to H i absorption by cold
atomic gas against bright background 21cm emission. While
the temperature of cold gas is constrained by H i absorption
studies (Heiles & Troland 2003), the gas pressure is mea-
sured using the ultraviolet absorption lines of CI (Jenkins
& Tripp 2001). The cooling of the cold gas, which is pre-
dominantly due to C ii (the most abundant gas phase ion in
CNM) fine-structure transition, has been studied through
observations of the 158 µm line emission (eg. Bock et al.
1993). Attempts have also been made to study the cold H i
gas using the CRRL emission near 1.4 GHz (Crutcher 1977).
In this paper, we suggest, for the first time, the associ-
ation of low frequency CRRL with the cold H i gas observed
as HISA features in the Galactic plane. Stimulated emission
due to the galactic background continuum radiation facili-
tates detection of CRRLs in emission near 327 MHz from
this cold gas. We also, for the first time, suggest that the
CRRLs detected from the Galactic centre direction arise in
the Riegel-Crutcher (R-C) cloud (Riegel & Crutcher 1972),
a prominent HISA. Although earlier studies have indicated
that the carbon lines are formed in the same LSR veloc-
ity range over which H i absorption and 12CO emission are
observed in the inner Galaxy (Erickson, McConnell, Anan-
tharamaiah 1995, Kantharia & Anantharamaiah 2001) the
association of CRRLs with HISA in the inner Galaxy has
not been discussed earlier. A summary of the 327 MHz re-
combination data is given in Section 2, which is followed by
a discussion on the association of CRRL with cool atomic
gas (Section 3). In Section 4 we focus on the R-C cloud, and
demonstrate that CRRL and H i data can be combined to
determine the physical properties of the line forming region.
In Section 5 we use the estimated physical properties to in-
vestigate heating and cooling of the gas in the R-C cloud and
molecule formation in the cloud. The results are summarised
in Section 6.
2 SUMMARY OF OUR CRRL DATA
The ORT recombination line survey data were obtained with
two angular resolutions (2◦ × 2◦; Roshi & Anantharamaiah
2000; 2◦ × 6′; Roshi & Anantharamaiah 2001a). A galactic
longitude range −28◦ < l < 89◦ and latitude b = 0o was
covered in the low resolution (2◦ × 2◦) survey. CRRLs have
been detected almost contiguously from −2◦ < l < 20◦ and
also in a few positions at other longitudes (Paper I). A few of
these positions were then ‘mapped’ with the high resolution
beam (2◦×6′; Roshi & Anantharamaiah 2001a). In Paper I,
we discussed some of the results from this survey. Summaris-
ing, we find that the radial distribution of the CRRLs near
327 MHz is similar to that of star-forming regions traced by
the 3 cm hydrogen RRLs (Lockman 1989) and 12CO (Dame
et al. 1987). Our multi-resolution ORT data also indicate
that some of the diffuse C ii regions have an angular extent
of a few degrees.
3 CRRLS AND H i SELF-ABSORPTION
REGIONS
We use the median line width (∼ 17 km s−1) to classify the
CRRLs detected in the ORT survey into two groups – (a)
lines with width (FWHM) <∼ 17 km s−1 (“narrow lines”)
and (b) “broad lines” with width >∼ 17 km s−1. The me-
dian line width is obtained from the 2o × 2o survey data.
In Fig. 1, we show an example CRRL spectrum, obtained
toward l = 13o.9, b = 0o. The spectrum shows broad (∆V =
41.5 km s−1) and narrow (∆V = 6.8 km s−1) components.
The broad lines detected toward G13.9+0.0 and other direc-
tion in the survey may consist of several narrow components
as indicated by the higher angular resolution observations
(see paper I). However, further high sensitivity, high angu-
lar resolution observations are needed to confirm this and
hence we do not discuss the broad CRRLs any further. In
this paper we focus on the origin of the narrow line emitting
region. The parameters of the narrow line emission obtained
from a Gaussian fit to the spectrum towards l = 13o.9, b =
0o are given in Table 1. The H i spectrum toward the same
direction obtained from the Leiden/Argentine/Bonn (LAB)
survey (Kalberla et al. 2005, angular resolution 0o.6 × 0o.6)
is shown in the middle panel of Fig. 1. The spectrum ob-
tained after smoothing the LAB data to ∼2o × 2o resolution
is shown in the lowermost panels of Fig. 1. A HISA feature
is seen at the same LSR (Local Standard of Rest) velocity as
the narrow carbon line. The HISA is prominent in the higher
resolution (0o.6 × 0o.6) spectrum (see Fig. 1). The parame-
ters of the HISA are included in Table 1. The coincidence of
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Table 1. “Narrow” 327 MHz CRRL and H i line parameters
CRRL 1 H i 1
Source TL/TC
2 ∆V VLSR TL ∆V VLSR Comment
name ×10−3 (km s−1) (km s−1) (K) (km s−1) (km s−1)
G2.3+0.0 0.55(0.04) 16.1(1.3) 6.4(0.6) 48.5(1.5) 4.2(0.2) 6.5(0.1) R-C cloud
G4.7+0.0 0.76(0.06) 8.5(0.07) 7.0(0.3) 64.7(2.3) 4.7(0.2) 7.0(0.1) R-C cloud
G7.0+0.0 0.64(0.08) 12.1(1.9) 8.0(0.8) 51.0(1.5) 3.9(0.1) 7.1(0.1) R-C cloud
G13.9+0.0 0.35(0.04) 3 6.8(1.0) 18.4(0.4) 10.4(0.8) 5.3(0.5) 19.3(0.2)
G18.4+0.0 0.36(0.05) 17.3(2.5) 24.1(1.1) 21.1(0.5) 4 6.0(0.2) 22.8(0.1)
1 CRRL parameters for all positions except G13.9+0.0 are taken from Roshi & Anantharamaiah (2001b).
The parameters for the position G13.9+0.0 are taken from Paper I. The CRRL data are obtained with an
angular resolution of ∼ 2o× 2o. H i line parameters are obtained from Kalberla et al. (2005) after smoothing
the data to an angular resolution of ∼ 2o× 2o.
2 TL/TC is approximately the carbon line optical depth near 327 MHz. TC is the background continuum
temperature at the observed frequency.
3 The given value is in TL/Tsys, where Tsys is the system temperature.
4 The HISA parameters are obtained from the 0o.6 × 0o.6 H i spectrum centred at l = 18o.5 and b = 0o.0.
the LSR velocities of the two lines implies that the two line
forming regions coexist, if we make the standard assump-
tion that the LSR velocities are due to galactic differential
rotation; spectral traces having the same LSR velocities orig-
inate from regions at the same line-of-sight (LOS) distances.
The widths of the two spectral lines, CRRL and H i line, dif-
fer with the CRRL being broader compared to H i line. The
origin of this difference is discussed in Section 4.
Majority (63%) of the narrow CRRLs observed in the
2o × 2o ORT survey have a corresponding HISA feature at
the same LSR velocity. Absence of a corresponding HISA in
some of the directions where narrow CRRLs are observed
may be due to the following reason. Detection of HISA de-
pends on favourable observing conditions. In order to detect
a cool H i cloud in self-absorption, background H i emission
with brightness temperature greater than the spin temper-
ature of the cool cloud is required. Variation in the back-
ground emission temperature over the observing region can
make the self-absorption difficult to detect, especially when
observed with a coarse angular resolution. The need for
higher angular resolution H i observations to detect HISA
has been demonstrated, for example, by Bania & Lockman
(1984). CRRLs do not need such favourable conditions for
their detection. In Fig. 2 we show examples where narrow
carbon lines are detected but no HISA is seen in the 2o
× 2o averaged H i spectrum (lowermost panels). While the
higher angular resolution (0.6o × 0.6o) H i spectrum (middle
panel) shows an HISA feature towards G18.4+0.0, no such
feature is seen toward G16.1+0.0 even in the higher angular
resolution spectrum.
The H i spectra obtained close to the Galactic plane
show a wealth of structures and many of these structures
are self-absorption features as shown, for example, by Bania
& Lockman (1984) in their high angular resolution obser-
vations. The ORT survey have not detected carbon lines
corresponding to all these features. The typical upper limit
on the CRRL optical depths from these features is ∼ 2.0
×10−4 (Roshi et al. 2002). The possible reasons for these
are : (1) the CRRL survey is biased toward detecting carbon
line emitting regions with large angular extent such that the
beam dilution factor is insignificant; (2) the optical depth
of CRRLs in all the regions are not high enough to detect
them. Variation in carbon optical depth is seen, for exam-
ple, towards the R-C cloud (see Section 4). (3) the Galactic
non-thermal background radiation field is not strong enough
to make the CRRL detection possible. The low Galactic ra-
diation field may be the reason for non-detection of CRRLs
toward HISA at l >∼20o.
Difficulties in quantifying the observed properties of
HISA features have been elaborated by several authors (eg.
Levinson & Brown 1980). The observed line parameters
listed in Table 1 are obtained by fitting a Gaussian to the ab-
sorption feature after removing 2nd or 3rd order polynomial
“baseline” to the H i emission near this feature. Levinson
& Brown (1980) have also shown, through simulation, that
the observed central velocity of the H i absorption can be
‘shifted’ compared to the actual central velocity and this
shift depends on the slope of the background H i emission.
A rough estimate of this shift in the cases listed in Table 1
shows that it is insignificant compared to the errors in the
line parameters.
A well known HISA feature towards the Galactic cen-
tre direction is the Riegel-Crutcher (R-C) cloud. In the next
section, we concentrate on CRRL detection toward the R-
C cloud. In particular, we demonstrate the usefulness of
combining CRRL and H i observations to infer the physical
properties and processes in the cloud. The physical processes
that are discussed here are now part of well known numerical
codes, which implement models for Photodissociation region
(PDR; see for example Hollenbach & Tielens 1997, Hollen-
bach et al. 1991). Here we present a semi-analytic estimation
of the physical properties and energetics in the R-C cloud.
A detailed PDR modelling will be presented elsewhere.
4 THE RIEGEL-CRUTCHER CLOUD
A prominent cool neutral cloud (the R-C cloud; Riegel &
Crutcher 1972, Heeschen 1955) has been observed in H i self-
absorption in early surveys of the Galactic centre region. The
self-absorption cloud has an extent of at least 40o along the
galactic longitude and ∼ 10o along galactic latitude (Riegel
& Crutcher 1972, Riegel & Jennings 1969). Line emissions
from molecules such as 12CO and OH have been detected
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. CRRL and H i spectra toward G13.9+0.0. CRRL (top
panel) spectra at 327 MHz are obtained with an angular resolu-
tion of 2o × 2o. The 1σ value of the spectral noise is also shown
in the top panel. The middle and bottom panels show H i spectra
with angular resolutions 0o.6 × 0o.6 and 2o × 2o respectively
(Kalberla et al. 2005). The low resolution H i spectrum is centred
at the galactic coordinates l = 14o.0 and b = 0o. The arrows are
placed at the LSR velocity of the ‘narrow’ carbon lines. The good
LSR velocity coincidence of ‘narrow’ CRRL and HISA features
suggests an association between the two line forming regions.
in many directions toward the R-C cloud (Crutcher 1973).
Distance to the R-C cloud was determined to be 125±25 pc
from Na i observations against background stars (Crutcher
& Lien 1984). Optical observations have also constrained
the LOS thickness of the cloud to be between 1 and 5 pc
(Crutcher & Riegel 1974). Recent high resolution (∼ 100′′)
H i line observations have revealed filamentary structures in
the cloud with typical transverse width of 0.1 pc (McClure-
Griffiths et al. 2006). McClure-Griffiths et al. (2006) also
discussed the possibility that the LOS extent of the R-C
cloud may be much smaller than 5 pc inferred by Crutcher
& Riegel (1974) from their optical observations. They sug-
gested that the LOS thickness may be ∼ 0.1 pc, similar to
the transverse width of the filaments. The H i absorption
measurements have been used to infer a mean spin temper-
ature of ∼ 40 K and H i column density NH i of ∼ 1020
cm−2 for the R-C cloud (Montgomery, Bates, Davies 1995,
McClure-Griffiths et al. 2006).
Figure 2. Examples of CRRL and H i spectra (Kalberla et al.
2005) toward G16.1+0.0 and G18.4+0.0 which show ‘narrow’
CRRL line (see top panels) emission but no HISA feature in the
2o × 2o averaged H i spectra (bottom panels). CRRL (top panels)
spectra at 327 MHz are obtained with an angular resolution of
2o × 2o. The 1σ values of the spectral noise are also shown in
the top panels. The middle panels show H i spectra with angular
resolutions 0o.6 × 0o.6. The low resolution H i spectra are centred
at the galactic coordinates l = 16o.0 and 18o.5 and b = 0o. The
arrows are placed at the LSR velocity of the carbon lines detected
at the two positions.
H i spectra toward the R-C cloud in the longitude range
∼ 2o to 7o are shown along with the CRRL spectra in Fig. 3.
The angular resolution of H i spectra is 0o.6 × 0o.6 and that
of CRRL spectra is 2o (along b) × 0o.5 (along l). The promi-
nent self-absorption feature seen in the H i spectra is due to
the R-C Cloud. The H i line and CRRL parameters obtained
from the spectra with 2o (along b) × 2o (along l) resolution
in the same longitude range are given in Table 1. It is evi-
dent from Fig. 3 and the line parameters given in Table 1
that the LSR velocities of CRRLs and HISA coincide. Based
on this coincidence we conclude that the carbon line forming
regions are associated with the R-C cloud.
The R-C cloud extends from ∼ −15◦ < l <∼ 25◦
(Riegel & Crutcher 1972). However, CRRL emission from
the R-C cloud could be identified only in the longitude range
∼ 2o to 7o. Close to the Galactic centre (ie |l| <∼ 2o) it is
difficult to identify the CRRL emission associated with the
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. CRRL (top panels) and H i (bottom panels) spectra toward the Riegel-Crutcher cloud. CRRL spectra at 327 MHz and H i
spectra (Kalberla et al. 2005) are obtained with angular resolution of 2o (along b) × 0o.5 (along l) and 0o.6 × 0o.6 respectively The 1σ
values of the noise in CRRL spectra are also shown in the top panels. The spectra are centred near the Galactic coordinates marked in
the top panel. The arrows are placed at the LSR velocity of the carbon lines detected at the different positions.
R-C Cloud due to the degeneracy in LSR velocity of recom-
bination line emission from several regions along the LOS.
In other longitude range spanned by the R-C cloud the non-
detection of CRRL emission may be either due to sensitivity
limitation or due to variation in fraction of ionised carbon
in the R-C cloud.
4.1 CRRL and HISA line widths
The average width of the carbon line from the R-C cloud
is ∼ 12 km s−1 (FWHM) which is about 3 times the width
of the H i absorption line (FWHM ∼ 4.0 km s−1). CRRLs
detected in several other directions also have a larger width
compared to the H i line (see Table 1). If the two line form-
ing regions coexist then the spectral lines from such regions
are expected to have the same widths (this is true if the line
widths are dominated by non-thermal motions, which is the
case for the R-C cloud). A possible explanation for the dif-
ference in the line widths of CRRL and H i is the following.
As mentioned above, detection of cool H i clouds in self-
absorption needs favourable observing conditions and angu-
lar resolution (Bania & Lockman 1984). On the other hand,
detection of CRRLs does not need such favourable condi-
tions as long as the line forming regions fill a substantial
portion of the observing beam and the Galactic background
radiation field is strong. If there are several cool H i clouds
with different velocities within the 2o × 2o field of the CRRL
observations, the coarser beam will detect a broad carbon
line while the H i spectrum will be dominated by absorption
due to the coldest gas. In addition, any velocity gradient
within the observing beam can also contribute to the line
width. Such a velocity gradient has been detected for H i
absorption in the R-C cloud (Montgomery et al. 1995). The
Table 2. CRRL parameters observed toward the R-C Cloud
Freq CRRL 1
∫
τLdν
2 ∆V 2 VLSR
2 Ref
(MHz) (s−1) (km s−1) (km s−1)
327 C272α 9.2(1.4) 12.2(1.4) 7.1(0.6) 1
76 C441α −3.9(0.7) 18.4(2.6) 5.5(1.3) 2
76 C555β −3.3(0.6) 20.5(3.1) 2.2(1.6) 2
34.5 C575α −1.9(0.3) 21.2(2.0) 10.2(1.4) 3
1 Multiple transitions were observed at all three frequency bands.
We list here the central transitions observed at each band.
2 The 1σ errors on the line parameters are given in bracketed
values
References: (1)Roshi & Anantharamaiah (2001b); (2) Er-
ickson et al. (1995) ; (3) Kantharia & Anantharamaiah (2001)
R-C cloud also exhibits multiple H i absorption features (eg.
Montgomery et al. 1995). Comparing CRRL and H i spectra
obtained with similar (high) angular resolution can help in
evaluating these possibilities.
4.2 Modelling the line forming region in the R-C
cloud
The CRRL data toward the R-C cloud at 327 MHz com-
bined with existing data at 76 MHz (angular resolution ∼
4o; Erickson et al. 1995) and 34.5 MHz (angular resolution
∼ 21′× 25o; Kantharia & Anantharamaiah 2001) are used to
model the physical properties of the line forming region. At
76 MHz both α and β transitions were detected toward the
R-C cloud. To study the average properties of the C ii region
in the R-C cloud, all available CRRL data in the range l ∼ 2o
c© 0000 RAS, MNRAS 000, 000–000
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to ∼ 7o and b±2o at 327 and 76 MHz were averaged. These
averaged values are listed in Table 2. Since the 34.5 MHz
observations used a fan beam, no averaging was done and
we have included the parameter fit to the spectrum towards
l = 5◦ and b = 0◦. The line width and central velocities
for all these transitions roughly match; any differences, par-
ticularly the difference between the 327 and 34.5 MHz line
parameters, are attributed to the differences in the observing
beam. To determine the physical properties, we followed the
method described by Kantharia & Anantharamaiah (2001)
where a uniform slab of line emitting region with electron
temperature, Te, electron density, ne, and LOS extent, S, is
considered.
The integrated line optical depth is related to these pa-
rameters through the equation (Shaver 1975)∫
τLdν ≈ 1.07×107 bn βn,∆n K(∆n) ∆n T−2.5e n2e S s−1, (1)
where bn and βn,∆n are the non-LTE departure coefficients
for principal quantum number n and transition ∆n. K(∆n)
= 0.1908 and 0.02633 for ∆n = 1 and ∆n = 2 transitions
respectively. βn,∆n is defined as
βn,∆n = 1− 3.2 × 10−6 n
3
∆n
Te
bn − bn+∆n
bn
. (2)
In the above equations the units of Te is K, ne is cm
−3 and S
is pc. The departure coefficients, which are computed using
the programs of Payne et al. (1994), a modified version of
the original program of Walmsley & Watson (1982), depend
on the background continuum radiation field. We used 5000
K at 100 MHz as the background temperature. This back-
ground temperature is obtained from the continuum map at
34.5 MHz (Dwarakanath 1989; see also Kantharia & Anan-
tharamaiah 2001) and scaled to 100 MHz using a spectral
index of −2.6. The derived parameters of the line emitting
region change by a few percent for a factor of 2 change in
the background temperature. An abundance for carbon Ac
of 1.4 × 10−4 obtained from the solar abundance of 2.9 ×
10−4 (Lodders 2003) and assuming a depletion factor of 0.48
(Jenkins 2009, Wolfire et al. 2003) is used for the modelling.
Since the R-C cloud has a large angular extent, no beam
dilution factor is used for the 327 and 76 MHz observations
to convert the observed line antenna temperature to bright-
ness temperature. We could not find a single model which
fitted all the three observed points. The 34.5 MHz obser-
vations were made with a beam ∼ 25o in size along Galac-
tic latitude and hence the observed line optical depth may
have to be corrected by an unknown beam dilution factor.
Therefore we constrained the model parameters using the
76 and 327 MHz data. Modelling of the data at 76 and 327
MHz resulted in the line forming regions having the follow-
ing physical properties: Te ∼ 40 → 60 K, ne ∼ 0.8 → 0.05
cm−3 and S ∼ 0.03 → 3.5 pc. For Te larger than 60 K we
find that models with lower ne (<∼0.05 cm−3 ) also fit the
CRRL data, however, the path lengths are longer than the
LOS extent of 5 pc which is the thickness of the RC cloud
as obtained by Crutcher & Riegel (1974). We, hence, rule
out these higher temperature models.
The above modelling for the carbon lines used
the departure coefficients estimated after including the
dielectronic-like recombination process (Watson, Western &
Christensen 1980, Walmsley & Watson 1982, see also Payne
et al. 1994) which involves the excitation of the fine struc-
ture transition in the core electrons in carbon giving rise to
a spectral line at 158µm. This process depends on the de-
parture coefficients (RTE; Walmsley & Watson 1982) of the
2P3/2 and 2P1/2 states in carbon. RTE is obtained using
statistical equilibrium for the 2P3/2 and 2P1/2 states. The
equation of statistical equilibrium includes the density of col-
liding particles (electrons, H and H2) which are estimated as
described in Subsection 4.3, and iterated to get a consistent
model. Table 3 gives three representative models consistent
with the 327 and 76 MHz (both α and β transitions) CRRL
observations. The expected integrated line optical depth as
a function of quantum number for the three sets of model
parameters listed in Table 3 are shown in Fig. 4. For each
temperature listed in Table 3, the models are consistent with
the data for a factor of 2 and 4 change in the listed densities
and path lengths respectively.
4.3 Atomic and molecular hydrogen densities
We combine the CRRL and H i data to get more insight into
the physical state of the R-C cloud. The inferred NH i for R-
C cloud from H i observations is between a few times 1019 to
4× 1020 cm−2(Montgomery et al. 1995, McClure-Griffiths et
al. 2006) which is typical of CNM clouds in our Galaxy. This
high NH i implies that photoionisation due to EUV/soft X-
ray does not dominate in the interior of the R-C cloud (see,
for example, Glassgold and Langer 1974) and most of the
ionisation is due to FUV photons which ionise carbon atoms.
So, unlike in CNM clouds with canonical ISM pressure (∼
3000 K cm−3 ), where electrons are due to ionisation of hy-
drogen atoms (Wolfire et al. 2003), most of the electrons in
the R-C cloud are due to carbon ionisation. This fact can
thus be used to estimate the number density of hydrogen,
nH , in the cloud; nH = ne / Ac (see Table 3) where Ac is
the number abundance of gas phase carbon atoms taken to
be 1.4 × 10−4 (see Subsection 4.2). The fraction of hydro-
gen which is tied up in the atomic form, ie H i, is inferred
as follows. The H i optical depth from the CRRL models
is obtained by assuming that (a) some fraction of nH is in
atomic form (the remaining fraction is H2 molecules) and
(b) the spin temperature is equal to the electron temper-
ature, which is generally the case for cold H i regions (eg.
Kulkarni & Heiles 1988). In addition, we assume that the
carbon and H i line forming regions co-exist along the LOS.
This assumption means that, for models with Te ∼ 60 K
and 50 K the LOS thickness of the H i region is respectively
∼ 1.1 pc, close to the value suggested by Crutcher & Riegel
(1974; ie 1 – 5 pc), and ∼ 0.15 pc, close to the suggested
value of 0.1 pc by McClure-Griffiths et al. (2006). For mod-
els with Te ∼ 40 K, the LOS thickness of the H i region will
be 0.05 pc. For these models, it is possible that the CRRL
emission originates from an interface region between the H i
and H2 in the R-C cloud. PDR modelling of the R-C cloud
is needed to investigate this possibility. Following literature,
we define the molecular fraction in terms of the nH2 content;
f =
2nH2
nHI+2nH2
=
2nH2
nH
, where nH2 and nHI are the H2 and
H i densities respectively. The H i optical depth due to CRRL
models are then equated to the observed value (mean peak
optical depth in the R-C cloud ∼ 0.7; McClure-Griffiths et
al. 2006) to determine f . The estimated f , nHI , nH2 and H i
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Carbon RRLs toward Cold H i Regions 7
Table 3. Physical properties of the Riegel-Crutcher clouda
Model Te ne S nH Av nHI nH2 f PHI
1 NH i NH2
No. (K) (cm−3 ) (pc) (cm−3 ) (cm−3 ) (cm−3 ) (cm−2) (cm−2)
(×103) (×1020) (×1020)
1 60 0.1 1.1 700 1.4 90 300 0.9 5 3 11
2 50 0.3 0.15 2100 0.6 500 800 0.8 27 2.5 3.7
3 40 0.6 0.04 4300 0.3 1430 1430 0.7 57 1.8 1.8
a Te, ne, S are the model parameters, nH is the hydrogen nuclear density, Av is the visual extinction, nHI is
the hydrogen atomic density, nH2 is the hydrogen molecular density, f = 2nH2/nH is the molecular fraction,
NH i and NH2 are the atomic and molecular column densities respectively.
1 Partial pressure of H i is tabulated in units of K cm−3 .
Figure 4. Integrated CRRL optical depth from models for the Riegel-Crutcher cloud plotted against principal quantum number. The
optical depths of Cnα and Cnβ for the best fit model parameters are shown by solid and dashed lines respectively. The value of model
parameters (electron temperature, Te, electron density, ne, and line-of-sight path length, S) are indicated on the plots. The observed
integrated optical depths of Cnα lines are indicated by circles and that of Cnβ line is shown by cross. The error bars represent ± 1σ
values.
partial pressure, PHI = nHITe for the three representative
models are listed in Table 3.
The higher temperature models (ie Te ∼ 60 K) have rel-
atively low electron and H i densities. Their LOS extent is
about a pc or more. The partial pressure of hydrogen is close
to the mean interstellar pressure in the Solar neighbour-
hood. The molecular density compared to the H i density is
higher in these models. The LOS extent of lower tempera-
ture models (ie Te ∼ 40 K) is ∼ 0.05 pc. They have larger
H i and electron densities. The molecular density is about
the same as that of H i density. The H i partial pressure in
these models is about an order of magnitude higher than the
mean interstellar pressure. Note that for all the models the
total gas pressure is at least an order of magnitude higher
than the mean interstellar pressure and hence the cloud has
to be supported by either gravity or magnetic pressure. In
the next subsection, we compare the model predictions with
other existing UV and optical observations with the inten-
tion of narrowing down the range of parameter values.
4.4 Comparison with UV and Optical
observations
Several stars beyond the R-C cloud have been observed in
the optical and UV, thus sampling the gas in the inter-
vening cloud. From these observations we take data toward
two stars, HD165246 (l=6o.4, b=−1o.56, distance=1.85 kpc;
Jenkins 2009) & HD164402 (l=7o,b=0o, distance=1.74 kpc;
Savage et al. 1977), which overlap with the directions in
which CRRLs from the R-C cloud are observed. The mea-
sured visual extinction Av, towards these two stars are 1.1
and 0.95 and the measured NH2 are 1.4 ×1020 cm−2 and 3
×1019 cm−2(Jenkins 2009, Savage et al. 1977) respectively.
About 10% of the extinction and almost all the H2 are due
to the R-C cloud (Montgomery et al. 1995). Av from our
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model parameters using the equation Av = NH/(1.7×1021)
(Bohlin, Savage & Drake 1978) are listed in Table 3. The
observed extinction due to the R-C cloud ie 0.11 to 0.095
is closest to our lower temperature (Te ∼ 40 K) model
which predicts an extinction of 0.3 and NH2 of 1.8 × 1020
cm−2. Spectroscopic observations of the spectral lines of Na i
(Crutcher & Riegel 1974), Mg i and Mg ii (Bates, Mont-
gomery, Kemp 1995) toward stars behind the R-C cloud
can be used to determine the electron density in the cloud.
The derived electron densities are typically < 0.1 cm−3 . Al-
though we did find models with such low electron densities
which fitted the observed data points, we do not favour these
due to the long path-lengths, and hence correspondingly
high Av, required to explain the observed line strengths.
However, relaxing some of the assumptions made in deriving
ne from optical line observations can increase the estimated
electron density. For example, Bates et al. (1995) obtained
ne ∼ 0.3 cm−3 by considering that the Mg i line is mainly
from the cloud core and the Mg ii is distributed along the
line of sight. This value is within the range of models that we
derive for the carbon line forming region in the R-C cloud
(see Table 3). However it is not sufficient to favour the lowest
temperature model over the others. Thus, it appears that it
is difficult to narrow down the range of physical parameters
listed in Table 3 for the R-C cloud with existing data.
5 THE PHYSICAL STATE OF THE R-C
CLOUD
In this section, we use the model parameters to investigate
the cooling and heating processes in the R-C cloud. We also
estimate the neutral carbon fraction and molecular forma-
tion and dissociation rates in the cloud.
5.1 Cooling in the R-C cloud
The derived properties of the R-C cloud are used to deter-
mine the cooling rate in the gas. The major cooling processes
in these clouds are due to transitions in C ii, C i and O i and
molecular transitions in H2 and CO. The C ii 158 µm is
believed to be the major coolant in diffuse clouds with tem-
peratures ∼ 100 K (Dalgarno & McCray 1972). The cooling
rate due to C ii 158 µm line emission is calculated follow-
ing Watson (1984) and using the values for collision rate
coefficients and Einstein A-coefficient given by Scho¨ier et al.
(2005). The combined cooling rate due to C i O i and molec-
ular transitions in H2 and CO is calculated from Fig 1. of
Gilden (1984). These cooling rates along with the estimated
intensity of the C ii 158 µm line are given in Table 4 for the
three representative models. The combined cooling rate due
to atoms and molecules is at least a factor of 4 smaller than
that due to the C ii 158 µm emission.
5.2 Heating in the R-C cloud
The heating processes which are important in diffuse clouds
and considered here are photoelectric emission, H2 dissoci-
ation, carbon ionisation and cosmic rays. The heating effi-
ciency of photoelectric emission depends on the grain charge
which in turn is a function of the electron density and G0,
the interstellar FUV (6 to 13.6 eV) radiation field in Habing
unit (1.6 ×10−3 ergs sec−1 cm−2; Habing 1968). The heating
rate per unit volume due to photoelectric emission is given
by (Wolfire et al. 2003)
Γpe = 1.3× 10−24 nH ǫ G0 ergs s−1 cm−3, (3)
where the photoelectric emission efficiency, ǫ is
ǫ = 4.9×10
−2
1+4×10−3(G0 T0.5e /(neφPAH )
0.73)
+
3.7×10−2(Te/10
4)0.7
1+2×10−4(G0 T0.5e /neφPAH )
. (4)
In the above equation, φPAH is a parameter introduced by
Wolfire et al. (2003) to modify the electron-dust collision
rates; following them we take its value to be 0.5. The values
for ne, nH and Te are taken from Table 3 for estimating the
heating rate.
The second process we examine is fluorescent photodis-
sociation of H2. This process results in energetic H atoms
which in turn lead to the heating of the cloud. The heat-
ing rate is essentially the product of the photodissociation
rate per unit volume (see Eq. 7 in Subsection 5.4) and the
mean kinetic energy (∼ 0.25 eV) of the dissociated atoms
(Stephens & Dalgarno 1973; Tielens 2005). We examine the
relative importance of the four processes in heating the HISA
cloud for G0 ranging from 1 to 10. We find that heating
due to carbon ionisation (Tielens 2005) for a carbon neutral
fraction <∼0.08 (see Subsection 5.3) as well as cosmic ray
heating are insignificant compared to the other two heating
processes.
The photodissociation heating depends on the dissoci-
ation rate Rphdiss, which is a function of FUV radiation
intensity inside the cloud. As described in Subsection 5.4,
opacity of FUV lines in the cloud plays an important role
in determining the dissociation rate inside the cloud. It can
be shown that the opacity effect reduces the dissociation
rate considerably at H2 column densities > 10
14 cm−2. This
effect is termed ‘self-shielding’ (see for example Draine &
Bertoldi 1996). Observations show that the H2 column den-
sity of R-C cloud is > 1019 cm−2(Jenkins 2009, Savage et al.
1977). In clouds with such column densities detailed mod-
elling shows that a gradient in the density ratio of hydrogen
in atomic and molecular form exists and H2 self-shielding
becomes important (eg. van Dishoeck & Black 1986). Such
detailed modelling, which are implemented in PDR codes
(for example Hollenbach & Tielens 1997), are beyond the
scope of the present work and will be presented elsewhere.
In the subsequent part of the paper, we provide estimates
of various quantities at a depth where the visual extinction
(Av) is about half the total Av due to the cloud. We refer to
this depth in the cloud as Av/2 and note that self-shielding
effects need to be included while estimating the physical
processes in the R-C cloud. Estimates of the heating at a
depth of Av/2 for G0 ranging between 1 and 10 shows that
photoelectric heating dominates in the cloud interior.
As mentioned above, photoelectric and photodissocia-
tion heating depends on the background FUV flux G0. Con-
straints on G0 may be obtained by assuming that the R-
C cloud is in thermal equilibrium ie by equating C ii 158
µm cooling rate per unit volume to the heating rate per
unit volume. We estimate that G0 is between 4 and 7 (see
Table 4). For comparison with photoelectric heating rate,
which is approximately equal to the ΛCII listed in Table 4,
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Table 4. Thermal properties and H2 formation/dissociation in the R-C clouda
Model Λ 1CII Λ
1
other
∫
ICIIdν
2 G0 Γ 1,3
phdiss
Rform R
3
diss
No. (cm−3 s−1) (cm−3 s−1)
(×10−23) (×10−23) (×10−5) (×10−25) (×10−11) (×10−11)
1 12 3 3.3 4 0.1 0.2 0.003
2 74 8 2.7 7 5.6 2.4 0.14
3 153 14 1.5 6 28 11.6 0.7
a ΛCII is the cooling rate due to C ii 158 µm radiation, Λother is the total cooling rate due to atomic and
molecular line emission, ICII is the intensity of C ii 158 µm line emission, G0 is the flux density of FUV
radiation field in Habing unit, Γphdiss is the heating rate due to the dissociation of H2 molecules, Rform
and Rdiss are the H2 formation and dissociation rate respectively.
1 The units of ΛCII , Λother and Γphdiss are ergs s
−1 cm−3
2 The intensity of C ii line is tabulate in units of ergs s−1 cm−2sr−1
3 Γphdiss and Rdiss are estimated at Av/2. The Av obtained for the models is given in Table 3.
the heating rates due to photodissociation processes at Av/2
are included in Table 4 for the estimated G0.
5.3 Neutral carbon in the R-C cloud
In this section, we estimate the neutral fraction of carbon
in the R-C cloud using our model parameters. To a large
extent, the background FUV flux and the fraction of neutral
carbon determines the ionisation of carbon in the cloud (see
Glassgold & Langer 1975 for other factors affecting carbon
ionisation). We estimate the neutral fraction by assuming
that carbon ionisation is dominated by FUV radiation and
that all electrons are due to carbon ions. The ionisation
equilibrium of carbon implies
nenC+αR = fCnC+Γion, (5)
where nC+ is the number density of carbon ions, αR =
6.38 × 10−11 cm3 s−1 is the recombination coefficient (Na-
har 1996) and fC = nC/nC+ is the neutral fraction. The
ionisation rate, Γion, is obtained by integrating the ionisa-
tion cross-section over the energy range 11.26 to 13.6 eV.
For this integration, we used the radiation spectrum given
by Draine (1978) and a constant ionisation cross section of
1.74 ×10−17 cm2 (Nahar & Pradhan 1997). If we assume
that the spectrum of the background radiation is indepen-
dent of its integrated flux density i.e. G0, then Eq. 5 can be
used to estimate fC for the G0 required for thermal balance.
The neutral fraction estimated at a depth of Av/2 is 0.08
for the model with Te = 60 K and is 0.03 for the model with
Te = 40 K listed in Table 3. These are about a factor of 10
higher than the neutral fractions inferred for CNM clouds
(<∼3×10−3; Jenkins & Tripp 2001) but not unreasonable for
clouds with H2 column density NH2 ∼ 1020 cm−2and G0 ∼
5 (Hollenbach et al. 1991).
5.4 Formation and Dissociation of molecular
hydrogen in the R-C cloud
The properties of the R-C cloud discussed above can be used
to examine the formation and dissociation of H2 in the cloud.
Conventionally, the rate of formation of H2 is obtained from
the frequency of collision between H atoms and grains scaled
by an efficiency factor for recombination on the grain sur-
face. The collision rates depend upon the temperature and
densities of H atoms and grains and the efficiency factor is es-
timated by making some reasonable assumptions regarding
the properties of the grains (Hollenbach & Salpeter 1971).
The rate of H2 formation per unit volume can be written as
(van Dishoeck & Black 1986)
Rform = 3× 10−18 T 0.5e nH nHI yef s−1 cm−3 (6)
where yef is a parameter which takes into account the
sticking probability and formation efficiency. yef is taken
as unity for the calculations presented here. The formation
rates obtained for the representative models vary from about
0.2 × 10−11 s−1cm−3 for the highest temperature model to
about 12×10−11 s−1cm−3 for the lowest temperature model.
These rates are given in Table 4.
The H2 molecules in the cloud will be destroyed by FUV
photons (11 to 13.6 eV) and cosmic rays. Photodissociation
is initiated by line absorption (Lyman and Werner lines) and
subsequent fluorescence to the vibrational continuum of the
ground state of H2 (P. M. Solomon 1965; private communi-
cation reported in Field, Somerville & Dressler 1966, Stecher
and Williams 1967). Since the opacity to the UV lines from
the H2 molecule increases with depth (self-shielding) and
several line transitions are involved, the dissociation rates
at different depths are calculated numerically. Further, at-
tenuation of FUV radiation field due to dust has to be taken
into account to calculate the dissociation rate. An analytical
approximation to the dissociation rate taking into account
these effects is given by Draine & Bertoldi (1996);
Rphdiss = (NH2/10
14)−0.75e−4.0Av ×
4.17× 10−11 G0 nH2 s−1 cm−3. (7)
Here e−4.0Av takes into account the dust attenuation near
∼ 12 eV. The self-shielding effect is absorbed in the term
(NH2/10
14)−0.75, which is set to unity for NH2 6 10
14
cm−2. We used the G0 estimated for thermal balance (see
Table 4) to determine the dissociation rate per unit volume
at a depth of Av/2 in the cloud. The estimated values for
dissociation rate per unit volume (tabulated in Table 4) for
the different models are more than an order of magnitude
smaller than the formation rate. This difference in rates may
indicate that the R-C cloud is in the process of molecular for-
mation similar to, for example, the HISA cloud G28.17+0.05
(Minter et al. 2001).
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We used the survey data of Dame et al. (1987) to in-
vestigate whether 12CO line emission is associated with the
R-C cloud. A 12CO line feature of similar LSR velocity and
width as that of the observed H i line toward the R-C cloud
is present in some directions. However, this 12CO line fea-
ture is not detected over the entire extent of the R-C cloud.
This may support the fact the molecular formation in the
R-C cloud is not complete. At the estimated rate of molec-
ular formation in the R-C cloud, it should take >∼105 years
for converting all the H i to H2.
6 SUMMARY AND FUTURE OBSERVATIONS
In paper I, preliminary analysis of CRRL data obtained as
part of a 327 MHz recombination line survey of the Galactic
plane were presented. In this paper, we have for the first
time, shown that the CRRL arising near the Galactic centre
within l ∼ 10◦ show excellent kinematic correlation with the
HISA features from the Riegel-Crutcher cloud arguing for a
common origin for the CRRL and HISA features. The R-C
cloud is a HISA cloud located about 125 pc in the Galactic
centre direction. Additionally, we have reported association
of low frequency CRRL emission with a few other HISA
clouds in the inner Galaxy.
We have also demonstrated that low frequency CRRL
data at several frequencies along with H i observations can
be used to constrain the physical properties of the cold H i
regions. For the analysis presented here we made use of the
CRRL observations at 327 and 76 MHz along with H i data
to model the physical conditions in the R-C cloud. We find
that models which fit the 76 MHz and 327 MHz data and
are constrained by the LOS size of the R-C cloud are the
following: Te ∼ 40 → 60 K, ne ∼ 0.8 → 0.05 cm−3 and S ∼
0.03 → 3.5 pc. The derived physical properties were used to
examine the heating and cooling processes in the R-C cloud.
The dominant heating and cooling processes were found to
be photoelectric emission and the C ii 158 µm line emission
respectively. The thermal balance between these two pro-
cesses was used to constrain the diffuse FUV flux density on
the cloud, which in Habing units (G0) ranges between ∼ 4
and 7. Further, we investigated the H2 formation and disso-
ciation in the cloud and found that the formation rate per
unit volume exceeds the dissociation rate per unit volume
by at least an order of magnitude. Based on this imbalance
in the formation and dissociation rate we conclude that the
RC cloud is in the process of converting from H i to H2 and
will convert all its atomic hydrogen into the molecular form
in a time scale >∼105 years.
The cold H i gas observed as HISA features are ubiq-
uitous in the inner Galaxy and form an important part of
the ISM. Our analysis shows that combining CRRL and H i
data can give important insight into the nature of these cold
gas.
We investigate the possibility of imaging the CRRL
emission from H i self-absorbing clouds with upcoming
Square Kilometre Array Pathfinders. The Murchison Wide-
field Array (MWA), Australian Square Kilometre Ar-
ray Pathfinder (ASKAP) and the Karoo Array Telescope
(MeerKAT) are considered for the investigation. Observing
CRRL emission with the Long Wavelength Array (LWA) is
discussed by Peters et al.(2010) and hence will not be dis-
cussed here. High angular resolution observation with the
upcoming arrays will help, for example, resolve the ‘line
width problem’ (see Section 4.1). The integration times re-
quired to image CRRL emission from the inner Galaxy with
the different arrays are listed in Table 5. The carbon line
temperature is computed using the optical depth of Te = 50
K model given in Table 3. The peak line temperatures (TL)
obtained from this model for line width of 12.2 km s−1(see
Table 2) and galactic background temperature of 500 K at
327 MHz are listed in Table 5. This background tempera-
ture is an average value over the angular resolutions of the
interferometric observation. The RMS brightness tempera-
ture (σRMS) in K for observations with the dual polarised
interferometers is calculated using the equation
σRMS =
Tsys
Aeff
√
4NbaseNline∆f tint
λ2
θ2r
(8)
where Tsys is the system temperature in K, Aeff is the ef-
fective area in m2, Nline is the number of recombination
lines that can be simultaneously observed, ∆f is the fre-
quency resolution in Hz corresponding to the line width of
12.2 km s−1, tint is the integration time in sec. Nbase is the
number of baselines with length λ
θr
, where θr is the angular
resolution of the image and λ is the observing wavelength.
In the above equation the unit of λ is meter. Integration
times listed in Table 5 are for detecting CRRLs at 4σ level.
The estimated values show that imaging CRRLs with the
MWA is feasible.
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